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et al., 1988; Zimmerman and Alberte, 1996). Seagrass has been lost
in many areas such as Chesapeake Bay (Orth and Moore, 1983),
Massachusetts (Costa, 1988; Short and Burdick, 1996; Costello and
Kenworthy, 2011), and globally where losses have been estimated
at 110 km2 yr�1 and accelerating (Waycott et al., 2009). With the
loss of seagrass is the associated decline in animal habitats (Lee and
Olsen, 1985; Nixon, 1995; Taylor et al., 1995; Deegan, 2002) and
economic losses (e.g. tourism, fisheries).

While the links between eutrophication and eelgrass decline
have been well documented (Orth and Moore, 1983; Short and
Wyllie-Echeverria, 1996; Cloern, 2001; Orth et al., 2006), quanti-
tative nitrogen-related water quality metrics have been more
difficult to determine. It is these quantitative habitat metrics that
are now needed to support the expanding efforts to restore and
protect this biologically diverse and economically important
resource.

Investigations have used seagrasses to designate healthy and
productive habitats with high water quality (Zieman, 1982; Thayer
et al., 1984; Fonseca et al., 1990) and as specific indicators of water
quality (Dennison et al., 1993; Lee et al., 2004). Similarly, a direct
linkage of eelgrass habitat quality to watershed nitrogen loads has
been attempted to investigate changes in seagrass biomass and
productivity (Tomasko et al., 1996; Short and Burdick, 1996;
Hauxwell et al., 2003). However, the generalizability of the
approach is uncertain, since the same watershed nitrogen load will
generate widely different eutrophying effects depending on the
hydrodynamics of the receiving waters (i.e. the volume and flush-
ing rate). Since eelgrass response in these systems is related to the
nitrogen concentration that develops within specific eelgrass beds,
dissolved inorganic nitrogen (DIN) levels have been used (Dennison
et al., 1993; Stevenson et al., 1993). However, DIN is rapidly trans-
formed to organic forms in many estuaries, with only 1e3% of the
nitrogen remaining as DIN (Collos and Slawyk, 1976; Wheeler et al.,
1982). In contrast, total nitrogen represents the total fixed nitrogen
pool, as dissolved and particulate organic forms as well as DIN, and
obviates the need to address the rapid transformations of nitrogen
in estuarine waters. In the present investigation, we use total ni-
trogen (TN) levels instead of DIN, as a more robust indicator of the
level of eutrophication.

Multiple parameter models, developed to assess the habitat
requirements supportive of healthy seagrass by determining the
critical water quality and light associated with submerged aquatic
vegetation (Dennison et al., 1993; Stevenson et al., 1993) have had
mixed success. Sites exceeding the designated thresholds (light
attenuation, total suspended solids (TSS), chlorophyll a, dissolved
inorganic nitrogen (DIN), and dissolved inorganic phosphorus
(DIP)) have significant seagrass survival (Moore et al., 1996). In
addition, many previous models have generally focused on large
riverine estuaries like Chesapeake Bay (Dennison et al., 1993; Kemp
et al., 2004) and the North River in North Carolina (Biber et al.,
2008), where TSS, DIP, or dissolved color may predominate,
compared to small shallow temperate estuaries. The shallow es-
tuaries of Massachusetts tend to be groundwater dominated with
little inorganic sediment loading and TSS, and have light attenua-
tion primarily from nutrient inputs resulting in situ phytoplankton
productivity rather than riverine transport.

Both increased nitrogen concentration and decreased light have
been correlated with inhibition of eelgrass growth and there has
been extensive research on the response of eelgrass to nitrogen
enrichment (Burkholder et al., 1992; Short et al., 1995). However,
the sequence of linked ecological processes initiated by changes in
nitrogen inputs and resulting in changes in eelgrass habitat quality
has not been extensively studiedwithin the estuarine environment.
Herewe track increased water column nitrogen to light attenuation

and decreased bottom light, and determine their effect on natural
coverage and transplant survival of Zostera marina across south-
eastern Massachusetts estuaries.

Using measured water quality parameters, we examine the
cascading effects of nitrogen enrichment on water-column con-
stituents resulting in reduced bottom light intensity, and how these
coupled factors negatively affect eelgrass habitat and transplant
survival. Seventy sites within nineteen estuaries in southeastern
Massachusetts with varying degrees of eelgrass health ranging
from present stable beds, to areas which historically supported
eelgrass (Costello and Kenworthy, 2011), both recently (1995) and
decades ago (1951), were analyzed with respect to trends in ni-
trogen related water quality parameters and bottom light intensity.
Eelgrass was transplanted at a sub-set of sites to assess survival
relative to total nitrogen concentration and bottom light intensity.
The relationships between TN levels, phytoplankton biomass, light
level and eelgrass survival and temporal stability of beds were used
to determine the existence of potential management thresholds for
predicting eelgrass survival and habitat quality.

2. Methodology

2.1. Study systems

Nineteen shallow estuaries throughout southeastern Massa-
chusetts showing ranges of eelgrass coverage and nitrogen
enrichment were evaluated (Fig. 1). Bottom light, light attenuation
and percent surface transmittance, and associated water quality
parameters were measured at 70 locations distributed among
nineteen estuaries where long-term changes in eelgrass coverage
and water quality had been previously determined. In addition, 52
of the 70 sites with a range of nutrient related water quality and
light regimes were selected for determination of eelgrass trans-
plant survival. The field studies were conducted throughout the
growing season in 2007, 2008, 2009 and 2011.

Each estuarine location selected for the present study had more
than 10 years of summertime water quality measurements asso-
ciated with the School for Marine Science and Technology, Uni-
versity of Massachusetts Dartmouth (Massachusetts Estuaries
Project (MEP) www.oceanscience.net/estuaries); as well as multi-
year eelgrass coverage surveys by the Massachusetts Department
of Environmental Protection (Costello and Kenworthy, 2011). Lo-
cations were selected to include a variety of eelgrass habitat quality
based upon the persistence of high quality beds and ranging from
healthy (currently have healthy eelgrass beds, degraded (beds that
are thinning and/or have extensive epiphytes), lost recently (lost
historic beds between 1995 and 2001) and lost eelgrass coverage
between 1951 and 1995.

2.2. Water quality sampling

Water quality parameters were measured during the summer
period (mid-June to mid-September), when eutrophication related
stresses are most pronounced in temperate estuaries. Measure-
ments included Secchi and total depth, dissolved oxygen, tem-
perature and light profiles. Bottom water samples were collected
by Niskin bottle and analyzed for particulate and dissolved organic
nitrogen, ammonium and nitrate þ nitrite, as well as orthophos-
phate, chlorophyll-a and pheophytin-a, and salinity. Samples were
transported to the laboratory in 1-L acid washed HDPE bottles in
dark coolers maintained at 4 �C. Upon return to the laboratory,
water was filtered (pre-combusted 25 mm Whatman glass mi-
crofiber (GF/F)), dried (at 60 �C to a constant weight), and
analyzed on a Perkin Elmer Series II CHN for particulate nitrogen
and carbon (Kirsten, 1983). Pigment samples were transported in

dark 1-L bottles. Upon return to the laboratory w300 mL sub-
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